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1.	 Behavioural	 events	 that	 are	 important	 for	understanding	 sociobiology	and	move-
ment	ecology	are	often	rare,	transient	and	localised,	but	can	occur	at	spatially	distant	









static,	wirelessly-	networked,	 aRFID-	detector	 base-	stations	 to	 record	 badger	 co-	
locations	at	setts	(burrows)	and	near	notional	border	latrines.	We	summarise	the	
time	badgers	 spent	 co-	locating	within	 and	between	 social-	groups,	 applying	 net-








and	 inter-	social-	group	 co-	locations	 at	 setts.	 Network	 analysis	 showed	 that	 20–
100%	of	tracked	badgers	engaged	in	inter-	social-	group	mixing	per	week,	with	evi-
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1  | INTRODUCTION
Locating	 animals	 relative	 to	 one	 another	 (co-	location)	 is	 fundamen-
tal	to	understanding	sociobiology,	gene-	flow,	dispersal	patterns,	and	
disease	 epidemiology,	 inter alia	 (Hansson,	 1991;	 Kappeler,	 Barrett,	
Blumstein,	&	Clutton-	Brock,	2013;	Woodroffe	et	al.,	2016),	because	
co-	location	 provides	 opportunities	 for	 animals	 to	 interact	 directly	
or	 indirectly.	 Such	 insights	 are	 also	 essential	 to	 designing	 effective	
wildlife	management	strategies	(Carter	et	al.,	2007;	Woodroffe	et	al.,	
2016).
Conventional	 reliance	 on	 observation,	 or	 coarse-	scale	 tracking	
technologies,	can	lead	to	misinterpretation	of	animal	societies,	espe-





of	 socio-	types	 is	 essential,	 because	 focusing	 on	 individuals	 that	 are	
prominent	in	society,	or	easily	detectable/trappable,	generates	inter-
pretive	bias	(e.g.	Tinnesand	et	al.,	2015).
That	social	organisation	 is	often	misconstrued	 is	 increasingly	ex-
posed	 by	 genetic	 pedigree,	 revealing	 patterns	 of	 hitherto	 unknown	
extra-	pair/group	paternity,	the	breeding	contribution	of	non-	territory	
holding	 floaters	within	populations	and	 the	extent	 to	which	unseen	





long	 distance	 animal	 movements	 (affording	 opportunities	 for	 land-
scape	scale	gene	flow	and	disease	spread)	can	go	unobserved	(Byrne	
et	al.,	2014).
These	 deficiencies	 have,	 in	 part,	 arisen	 through	 technological	

















transgressions	 into	 neighbouring	 territories,	 and	 co-	locations	 with	
neighbours	at	 the	edge	of	 individual	 (or	group)	 ranges,	could	poten-
tially	expose	population-	level	connectivity.
Ability	 to	co-	locate	 is	particularly	 important	because	co-	location	
represents	an	animal’s	opportunity	to	mate,	transmit	disease		(directly	
or	 indirectly),	 or	 otherwise	 socially	 interact,	 or	 ignore	 each	 other;	
these	opportunities	are	key,	even	when	co-	location	behaviour		remains	
unknown.	 Established	 technologies,	 potentially	 capable	 of	 position-
ing	animals	 (either	alone	or	co-	locating)	with	 sufficient	defined	spa-
tial	 	accuracy	 to	 answer	 sociological	 questions,	 include:	 Very	 High	
Frequency	radio	tracking	(VHF)	and	the	digital	equivalent	“Coded	tags”	
(e.g.	www.Lotek.com);	Global	Positioning	System	 (GPS	tags);	Passive	






If	 rare	 or	 transient	 events	 are	 to	 be	 recorded,	 tags	 need	 to	 be	
long-	lived.	 Tag	 longevity	 is	 primarily	 determined	 by	 the	 battery	 
capacity	required	to:	(1)	make	any	necessary	radio	transmissions	(one	
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are	 energised	 externally	 they	 have	 an	 almost	 infinite	 life	 span,	 but	
only	a	very	short	detection	range.	Because	of	their	small	size	and	low	
weight	(<10	mm,	<1	g),	PIT	tags	can	often	be	injected	subcutaneously.




Here,	we	 establish	 the	 functionality	 of	 a	 system	 that	 fulfils	 this	
niche:	 automated	 active-radio-frequency-identification	 (aRFID)	 tags	
coupled	 with	 static	 automated	 automated	 active-	radio-	frequency-	
identification	(aRFID)-	detector	equipped,	wirelessly-	networked,	base-	
stations	 (see	Dyo	et	al.,	 2012)	 technical	description,	 and	Table	1	 for	
comparison	with	 established	 tracking	 technologies.	This	 technology	
was	adapted	from	a	commercially-	available	security	industry	system,	
designed	 to	 protect	 valuable	 assets	 in	 small,	 defined	 areas	 (tens	 of	
metres)	with	good	reliability	(e.g.	security	of	National	Portrait	Gallery	
exhibits,	http://www.wavetrend.net).
We	 validated	 this	 aRFID	 system	 as	 an	 animal	 co-	locating	 tech-
nology,	capable	of	operating	for	years,	via	a	short	13-	week	proof	of	
concept	study,	 tracking	group-	living	European	badgers	 (Meles meles) 
in	a	high-	density	UK	population.	Specifically,	we	investigated	whether	
detailed	 aRFID	 data	 could	 corroborate	 established	 knowledge	 of	
the	sociobiology	of	this	model	species,	while	providing	new	insights.	
Mounting	 circumstantial	 evidence	 suggests	 hitherto	unrealised	 con-
nectivity	between	badger	groups,	 refuting	 the	established	view	that	
high-	density	 badger	 populations	 are	 rigidly	 territorial.	 For	 instance,	
our	 study	 population	 (>40	badgers/km2)	 exhibits	 48%	 extra-	group	
paternity	 (Annavi	 et	al.,	 2014)	 and	 at	 any	 trapping	 session,	 c.19.8%	
of	 individuals	 are	 discovered	 making	 temporary	 inter-	group	 visits	

















Function VHF Coded GPS Proximity
Radio- frequency- identification (RFID)













































































one- way None two-	way None one- way








(4) inter-group	 interactions	 are	 agonistic	 (implying	 either	 active;	
Delahay	 et	 al.,	 2006,	 or	 passive	 territorial	 defence;	 Stewart,	
Anderson,	 &	 Macdonald,	 1997).
We	then	applied	network	analysis	(Krause,	Lusseau,	&	James,	2009),	
based	 on	 the	 time	 badgers	 spent	 co-	locating	 at	 setts	 and	 latrines,	 to	
identify	and	validate	badger	communities	algorithmically,	and	compared	
these	with	traditional	definitions	of	social-	group	territories.
2  | MATERIALS AND METHODS
2.1 | Badger study system
This	 technological	development	was	conducted	at	Wytham	Woods,	
Oxfordshire,	 UK	 (51:46:26N;	 1:19:19W;	 Figure	1).	 The	 Minimum	
Number	Alive	(MNA;	Macdonald,	Newman,	Nouvellet,	&	Buesching,	
2009)	at	this	time	was	201	adults	and	53	cubs,	distributed	among	23	
putative	 social-	groups.	 Badger	 territories	were	 interpreted	 from	bi-
ennial	bait-	marking	(Delahay	et	al.,	2006)	and	social-	group	affiliations	
derived	 from	cage-	trapping	 records	 using	 the	 formula	 described	by	
Macdonald	et	al.	(2008).
2.2 | aRFID system and infrastructure
We	deployed	 this	 system	at	 seven	neighbouring	 social-	groups	with	
good	 historical	 trapping	 success	 and	 easy	 access	 (Figure	1),	 over	
13	weeks	(March–June	2009).	Thirty-	two	adult	badgers	were	trapped	
and	 sedated	 (even	 sex	 ratio	 and	 numbers	 per	 sett	 targetted),	 fol-
lowing	Macdonald	et	al.	 (2009),	and	fitted	with	Wavetrend,	L-	series	
(Wavetrend	 Ltd),	 aRFIDs	 (40	×	20	×	3	mm;	 123	mm	 stainless	 steel	










Base-	stations	 comprised	 a	Wavetrend	 aRFID-	Reader	 (detector)	
integrated	with	a	Tmote-	Sky	miniature	computer	(that	streamed	and	
processed	data	received	from	aRFIDs,	storing	them	in	FLASH	mem-
ory	 4	Mb),	 housed	 in	 a	 waterproof	 enclosure.	 Transmissions	 were	
received	 via	 an	 external	 Predator	 AN400	 whip	 antenna,	 mounted	
2	m	above	ground,	 connected	 to	 the	 reader	via	 co-	axial	 cable.	The	
Tmote-	Sky	 contained	 a	 radio	 transceiver,	 capable	 of	 exchanging	
data	with	 other	Tmote-	Skys	 (range	 125	m).	A	 later	 iteration	 of	 this	
hardware	 replaced	 the	Tmote-	Sky	with	 a	 Zigbit-	AMP	 and	 2	Gb	 SD	
card,	 increasing	transmission	range	to	1	km	and	storage	capacity	to	
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2.3 | Data, protocols and analyses
Detections	 were	 coded,	 post-	hoc,	 as	 time	 intervals,	 using	 the	 
“lubridate()”	package	(Grolemund	&	Wickham,	2011)	in	R	Core	Team	
(2014),	 and	 all	 detection	 combinations	were	 compared	 iteratively,	
per	base-	station,	per	night,	 to	 identify	overlaps	 in	space	and	time.	
Dyadic	 overlaps	 indicated	 the	 “co-	location”	 of	 badgers.	 In	 this	
way	 we	 calculated	 the	 duration	 of	 each	 co-	location,	 in	 seconds.	
Placement	 of	 the	 base-	stations	 was	 constrained	 by	 the	 location	
of	 setts	 and	 latrines.	 In	 six	 cases,	 the	detection	 range	of	 adjacent	
base-	stations	 overlapped,	 providing	 opportunities	 for	 co-	locations	
(between	dyadic	pairs)	 to	be	detected	by	two	base-	stations	at	the	
same	 time.	 To	 compensate	 for	 this	 possibility,	 we	 adjusted	 total	
co-	location	 durations,	 for	 each	 affected	 base-	station-	pair,	 using	 a	
multiplier	based	on	 the	proportion	of	 range	overlap	by	 area	 (mul-
tipliers	 were	 L17:L37	=	0.87;	 L38:L50	=	0.94;	 L44:L45	=	0.81;	
SW1:SW2	=	0.90;	 L3:L7	=	0.95;	 L16:L41	=	0.79).	 These	 adjusted	
values	are	reported	here.
We	 fitted	 a	 fixed-	effects	 normal-	errors	 GLM	model	 (R	 lm())	 to	
explore	 the	 effects	 of	 dyadic	 social-	group	 relationship,	 site-	type,	
gender	dyad,	and	week,	on	co-	location	duration	per	dyad	(Box–Cox	
transformed	 to	 meet	 assumptions	 of	 normal	 errors	 and	 variance).	
First,	co-	locations	were	allocated	to	different	predictor	categories	for	
each	week	 (13	 levels):	 (1)	gender	dyad	 involved	 (levels:	male–male,	
male–female,	 female–female);	 (2)	 dyadic	 social-	group	 relationship	
(levels:	same,	different);	(3)	co-	location	site-	type	(levels:	sett,	latrine).	
Total	 co-	location	 time,	 per	 category,	 per	week,	was	divided	by	 the	
number	of	gender	dyads	of	each	type	present	in	the	relevant	week,	
to	control	for	any	collar	losses	occurring,	producing	the	variable	“Co-	






The	 “igraph()”	 package	 (Csardi	 &	 Nepusz,	 2006)	was	 used	 to	
convert	 dyadic	 co-	location	 data	 into	 network	 graphs,	 per	week,	
using	co-	location	duration	as	 “Edge”	values	 (Edges	are	 lines	con-
necting	 nodes	 on	 a	 network,	 the	 thickness	 of	 Edges	 equating	
here	to	dyadic	strength	of	association	between	nodes	 (badgers)).	
Networks	 were	 generated	 separately	 for	 co-	locations	 that	 oc-
curred	at	(1)	setts,	(2)	latrines,	and	(3)	setts	and	latrines	combined	
(the	 “All”	network).	We	applied	 the	 “Fast-	Greedy”	 (F–G)	 commu-
nity	 detection	 algorithm	 (Clauset,	 Newman,	 &	 Moore,	 2004)	 to	
each	network	 to	estimate	 community	 structure	blindly	 (resulting	














less	data	 access.	Critically,	 because	 signal	 transmission	was	one-	way,	
coupled	with	 the	pre-	defined	 short	 transmission	 range,	 these	aRFID-	
tags	would	have	a	projected	life	span	of	2–5	years	(depending	on	trans-




study	 period,	 during	 which	 the	 number	 of	 badgers	 wearing	 opera-
tional	aRFIDs	decreased	from	32	to	18	(approximately	half	of	c. 50–60 
adults	typically	resident).	Of	these	detections,	56.1%	occurred	at	setts	
(males	=	454.1	hr	 [24.8%],	 females	=	575.0	hr	 [31.3%])	 and	 43.9%	 at	




3.3 | Patterns in time spent co- locating














Df SS Mean- SS F- value p- value
GD 2 0.401 0.200 0.903 .408
DSGR 1 28.347 28.347 127.829 <.001
ST 1 12.365 12.365 55.757 <.001
Week 12 3.515 0.293 1.321 .216
Week:ST 12 10.102 0.842 3.796 <.001
DSGR:ST 1 7.621 7.621 34.366 <.001
Residuals 117 25.946 0.222




sise	 the	 average	 effect	 sizes	 in	 detail	 (Figure	2).	 Badgers	 spent	more	
time	co-	locating	with	individuals	from	the	same	social-	group	(0.81	hr	 
dyad−1	week−1,	SE	=	0.07;	83.9%)	than	with	 individuals	 from	different	
social-	groups	 (0.16	hr	dyad−1	week−1,	 SE	=	0.02;	 16.1%).	 Co-	locations	
between	social-	groups	were	similar	at	setts	and	latrines;	whereas,	within	
the	 same	 social-	group,	 more	 time	 was	 inevitably	 spent	 co-	locating	
at	 setts	 (0.67	hr	dyad−1	 week−1,	 SE	=	0.08;	 68.9%)	 than	 at	 latrines	
(0.15	hr	dyad−1	week−1,	SE	=	0.02;	15.0%),	due	to	implicit	co-	residency.
The	greatest	time	spent	co-	locating	within	the	same	social-	group,	
at	 setts,	 occurred	between	males	 (0.33	hr	dyad−1	week−1,	SE = 0.08; 
32.1%),	 followed	 by	 male-	female	 dyads	 (0.23	hr	dyad−1	 week−1,	
SE	=	0.03;	22.3%),	with	least	between	females	(0.15	hr	dyad−1	week−1,	
SE	=	0.02;	 14.7%).	 In	 contrast,	 badgers	 from	 the	 same	 social-	group	
spent	significantly	less	time	co-	locating	at	latrines	than	at	setts	(below	
0.06	hr	dyad−1	week−1,	5.4%).
Badgers	 from	 different	 social-	groups	 spent	 similar	 quantities	 of	
time	co-	locating	(also	below	0.06	hr	dyad−1	week−1,	5.4%),	regardless	
of	site	and	gender	dyad	(Figure	2).	Thus	we	see	a	dichotomy	between	




Importantly,	 the	 overall	 pattern	 in	 Figure	2	was	 consistent	 over	
time.	 Consequently,	 the	 distribution	 of	 co-	locations	 across	 groups	
(see	 Figure	2),	 which	 underlies	 the	 networks	 patterns	 observed	 
(e.g.	Figure	4),	are	representative	of	all	weeks	(see	Figures	S2–S13	for	
remaining	12	weeks	of	 networks),	 thus	 enabling	us	 to	draw	general	
conclusions	across	weeks.
















At	 setts,	 aRFID-	based	 community	 estimates	 corresponded	 well	
with	 social-	group	 affiliations	 derived	 from	 cage-	trapping,	 validating	
our	network	analysis	approach	(Figure	4a	and	S2–S13:	compare	com-
munities,	contained	within	black	lines,	with	social-	groups	designated	














































































































nity	 comprised	 a	 mixture	 of	 neighbouring	 social-	groups	 (Figures	4b	
and	S2–S13).
Combining	setts	and	latrines	in	a	single	network	produced	a	com-













In	 terms	 of	 badger	 sociobiology,	 the	 aRFID	 system	 identified	
social	organisation	consistent	with	existing	knowledge	(Macdonald,	
Newman,	&	Buesching,	2015),	but	with	connectivity	at	the	landscape	
scale	 that	 potentially	 extended	 social-	group	 relationships	 beyond	
the	status	quo.	Similarly,	extra-	group	movements	 in	 low(er)	density	
populations	have	 led	others	 to	question	whether	badgers	are	 truly	
territorial	(Byrne	et	al.,	2015;	Revilla	&	Palomares,	2002).	Our	obser-
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(6)	for	many	years.	These	features	make	aRFID	particularly	suitable	for	
monitoring	animals	where	they	need	to	be	located	individually	(simple	





tunities	 for	 disease	 transmission	 and	mating,	 but	 also	where	distur-






4.2 | Comparison to alternative technologies
Proximity	tags	are	able	to	record	far	more	co-	locations	per	unit	time,	
than	 aRFID,	 because	 they	 are	 not	 anchored	 to	 specific	 locations;	
however,	 our	 aRFIDs	had	 a	5-	year	maximum	 lifetime,	 six	 times	 that	
of	 the	 Proximity	 tag	 equivalent	 lasting	 just	 9	months	 (Drewe	 et	al.,	
2012).	 aRFIDs	will	 theoretically	 always	 last	 at	 least	 double	 the	 time	























4.3 | Future refinements and developments
An	important	feature	of	our	system	was	the	wireless	inter-	connectivity	















4.4 | System validation: Co- location patterns in time
Badgers	spent	the	greatest	proportion	of	time	co-	locating	with	indi-
viduals	 from	 their	own	social-	group	 (83.9%),	predominantly	at	 setts	
(68.9%);	 Figure	2.	 This	 “easy	 test”	 result	 was	 expected,	 due	 to	 co-	
residency,	but	important	because	it	demonstrates	that	aRFID	can	cor-
roborate	known	co-	location	patterns.	Had	our	detection	range	been	
too	great	or	 small	 then	our	easy	 test	would	not	have	been	 fulfilled	
(communities	 resolved	 too	 large	 or	 too	 small,	 respectively),	 casting	
doubt	on	the	other	patterns	observed.	Contrary	to	convention,	how-
ever,	our	“hard	test”	showed	that	the	remaining	co-	locations	(16.1%)	
occurred	 between	 badgers	 from	 different	 social-	groups,	 with	 visits	





















ing,	 where	 antagonism	 between	 neighbours	 would	 cause	 injuries	
(Macdonald	et	al.,	2004).
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assigned	to	communities	(black	outlines)	in	accord	with	cage-	trapped	
group	affiliations	in	week	2	(Figure	4a).	Decisively,	a	single	week’s	co-	





Latrine-	based	 communities	 were	 fewer	 and	 had	 more	 mem-
bers	 (Figure	4b)	 compared	 to	 those	 at	 setts	 (Figure	3a).	 This	 in-
ferred	 “Super-	groups”	 at	 the	 landscape	 scale	 (Evans,	Macdonald,	 &	
Cheeseman,	1989),	persisting	throughout	the	study.	 In	combination,	
these	sett	and	 latrine	networks	 (Figure	4c)	 revealed	far	greater	con-
nectivity	in	this	population	than	previously	identified	by	cage-	trapping	
alone	 (Macdonald	 et	al.,	 2008).	 Again,	 this	 contrasts	 with	 the	 four	




coupled	with	 only	very	 close	 proximity	 contacts	 being	 recorded,	 al-
though	these	still	do	not	infer	social	interaction).





frequently	around	border	 latrines,	 albeit	 for	 shorter	periods	of	 time	
(compare	red	lines	connecting	badgers/nodes	in	sett	and	latrine	net-
works,	 Figures	4a,b	 and	 S2–S13).	 This	 pervasive	 inter-	social-	group	
connectivity,	 identified	 via	 co-	location,	 clearly	 provides	 the	 oppor-
tunity	 -	 although,	 as	 with	 other	 technologies	 (except	 cameras),	 no	
proof	 -	 for	actual	 interaction	and	 further	 contradicts	 the	 traditional	
view	 of	 badger	 territoriality	 via	 active	 defence	 (Kruuk,	 1978).	 This	
undermines	 reliance	 on	 bait-	marking	 to	 determine	 badger	 social-	
structure	 (Delahay	 et	al.,	 2000).	 Importantly,	 this	 revised	 picture	 of	
badger	 society	 also	 countermands	 the	model	 used	 in	 bTB	manage-
ment	scenarios	(Carter	et	al.,	2007),	a	contention	supported	by	recent	
work	 in	 Ireland	 (Byrne	 et	al.,	 2015).	 Furthermore,	 recent	 evidence	
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